This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 



BEST AVAILABLE IMAGES 

Defective images within this document are accurate representation of 
The original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 

• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 

IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



RUG-09-20B2 15:02 NIH«BflID/LID/HUS ^ III 402 0524 P.13/2B 



Journal of Virology. June 2002, p. 5326-5338 
0022-53SWD2/SQ4JQ+0 DOI: 10O12S/JVL76JL5326-5338.20Q2 
Copyright Q 2002. American Society for Microbiology. All Rfeba Reserved. 



Genetic Analysis of Sequences in the 3' Nontranslated Region of 
Hepatitis C Virus That Are Important for RNA Replication 

Peter Friebe and Ralf Bartenschlager* 

Institute Jar Virology, Johannes Gutenberg University Maim, 55131 Mainz, Germany 
Received 11 December 2001/Accepted 1 March 2002 

The genome of the hepatitis C virus (HCV) is a plus-strand RNA molecule that carries a tingle long open - : 

reading frame* It is flanked at cither end by highly conserved nontranslated regions (NTOs) that mediate 
crucial steps in the viral life cycle. The 3' NTR of HCV has a tripartite structure composed of an about 
40-nucleotide variable region, a poly(U/UC) tract that has a heterogeneo us length, and a highly conserved 
98-nncleotide 3'-terminal sequence designated the X tail or 3'X. Conflicting data as to the role the sequences 
in the 3' NTR play in RNA replication have been reported. By using the HCV replicon system, which is based 
on the salf-replicailon of subgenomic HCV RNAs in human hepatoma ceD line Huh»7, we mapped in this study 
the sequences in the 3 r NTR required for RNA replication. We bund that a mutant with a complete deletion 
of the variable region is viable but that replication is reduced significantly* Only replicons in which the 
poty(U/UC) trad was replaced by a fanmimridme stretch of at least 26 nucleotides were able to replicate, 
whereas RNAs with homopoiymeric guanine, adenine, or cytosme sequences were inactive. Deletions of indi- 
vidual or aU stem-loop structures in 3'X were not tolerated, demonstrating that this region is most crucial for 
efficient RNA replication. Finally, we found that none of these deletions or substitutions within the 3' NTR 
affected RNA stability or translation, demonstrating that the primary effect of the mutations was on RNA 
replication. These data represent the first detailed mapping of sequences in the 3' NTR assumed to act as a 
promoter for initiation of minus-strand RNA synthesis. 



Hepatitis C virus (HCV), the etiologic agent of non-A, non-B 
hepatitis, is an enveloped plus-strand RNA virus that belongs 
to the family Fiavtviridae (46). One of the hallmarks of HCV 
infection is the high frequency of persistence. About 80% of 
infected individuals are unable to eliminate the virus, and these 
patients arc at high risk to develop chronic liver disease, in- 
cluding liver cirrhosis and hepatocellular carcinoma (32). In 
spite of recent improvements in therapy of chronic hepatitis C 
with ribavirin and alpha interferon conjugated with polyethyl- 
eneglycoJ, only about one-half of the patients develop a sus- 
tained response, and nonrespondcrs and relapses are common 
(40). Therefore, morc-cfecdvc therapies are certainly required 

like those of other members of the Flnviviridae family, the 
HCV genome carries a single long open reading frame (ORF). 
which encodes a polyprotein that is cleaved co- and pasttrans- 
lationally into a series of products (for reviews see references 
4 and 47). For HCV, the cleavage products arc arranged in the 
following order (from the amino to the carboxy terminus): 
core, envelope protein 1 (El), E2, p7» NS2, NS3, NS4A, NS4B, 
NS5 A, and NS5B. Structural proteins core, El, and E2 are the 
main constituents of the virus panicle whereas the NS3, NS4B, 
NS5A, and NS5B proteins arc essential and sufficient far RNA 
replication (36). NS3 is composed of two domains that cany 
distinct enzymatic activities* The ammo-terminal domain con- 
tains a scrlnc-typc proteinase, which is required for proper 
processing or the NS3 to NS5B region (19). The carboxy- 
terminal domain harbors nucleoside triphosphatase (NTPase) 
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and heiicasc activities that are essential for replication (28, 30). 
NS4A is an important cefaclor of the NS3 proteinase, and it 
must form a heterodimexic complex to activate this enzyme 
(14, 33). The function of NS4B so far is not known. As inferred 
from the clustering of ceD culture-adaptive mutations in the 
center of NS5A, this protein appears to play an important role 
in RNA replication (6, 31). Moreover, NS5A seems to he a 
detenninant of the success of alpha interferon therapy, prob- 
ably by counteracting the antiviral effect exerted by double* 
stranded RNA-activated interferon-lnduccd protein kinase 
PKR (13, 17). NS5B is the RNAnJependent RNA polymerase 
(RdRp), and it is essential for RNA replication in vivo and m 
ceil culture (5, 3a 34, 36). 

Translation of the HCV ORF is mediated via the 5' non- 
translated region (NTR), which carries an internal rtbosome 
entry site (IRES) (58, 59). Interestingly, this IRES binds the 
40S ribosomal summit in the absence of translation factors, 
thereby positioning the initiator AUG codon of the ORF di- 
rectly at the P site (44). Although several studies suggest that 
sequences at the 5' end of the core gene are required for full 
IRES activity, a recent report convincingly shows ihat this 
coding region is not directly involved in IRES function but 
rather prevents the formation of stable secondary structures ax . 
the 5' end of the dstron (49). In addition to being required for 
expression of the HCV polyprotein, sequences within the 5' 
NTR overlapping with the IRES arc essential for efficient 
RNA replication (16). 

Another RNA clement involved in replication as the 3' NTR 
(Fig. 1). It has a tripartite strucrure composed of an about 
40-nucleotide variable region, which is only poorly conserved 
among different HCV isolates, a poly(U/UC) tract, which is 
very heterogeneous in length, and a highly conserved 98-nu- 
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FIG. 1- (A) Schematic presentation of the basic replicon construct* used in this study. The 5' and V NTR* (only shown for the selectable 
r eplicon) are given with their secondary structures (solid line, EMCV IRES; open bars, coding regions far neomycin phosphotransferase (neo) and 
firefly luriferase {Ffl-iucl as wdl as the HCV nonsmicrural proteins). *, nosSrions of the three cell cultiire-adaptive imutattms. (B) Po«nrijJ 
structures of the 3' NTR from references 7 and 29 with two stem-loops In the variable region (V5U and V$L2), the 83-ondeattdc P*PC1 
tract, and the three stein-bops in 3X The positions of the engineered recognition sequences of restriction enzymes Sftd and BawHIas well as 
the auLhenlic recognition site for Nhel arc indicated. To generate runoff transcripts with authentic 3' ends, the two subsnmdons in SL3 (*) were 
introduced. They result in a change of an AU to a U:A base pairing required to generate a Seel restriction site. The stop eodon of the porynrotein 
ORF is boxed. Numbers refer to the nucleotide positions of the HCV Coal isolate (EMBL database accession no. AJ238799). 



clcotidc sequence, which was designated the X tail or 3'X (29, 
55, 56, 61). Computer predictions and smicnirc-probing stud- 
ies suggested the formatioo of two stem-loops in the variable 
region (VSL1 and VSL2) and three stable stem-loops in 3'X, 
designated SL1, SL2, and SL3 (Fig. 1) (7, 23, 56). SU, either 
on its own or together with SL2, is a binding site for polypyri- 
midine tract-binding protein (PTB) (23, 57). The most stable 
stem-loop is the S'-terminal SL3, which has a length of 46 
nucleotides. While most of this sequence forms regular 
Watson-Crick base pairs, the terminal nucleotide forms an 
irregular urarikguanine base pair, which is less stable. This 
property may be required to facilitate the melting of the ter- 
minal SL3 during initiation of minus-strand RNA synthesis. 
Interestingly, the closely related pestrviruscs, such as bovine 
viral diarrhea virus (BVDV), also have a very stable 3' terminal 
stem-loop that is required for RNA replication (64). However, 
unlike what is found for HCV, three to five non-base-paired 
cytidincs arc present at the very 3' end, indicating that the 
requirements for initiation of minus-strand RNA synthesis for 
the BVDV and Ihe HCV replicases are different. Recent stud- 
ies suggest that, in addition to playing a major role in RNA 
replication, the 3' NTR, in particular 3'X stabilizes the RNA 
and enhances translation both in vitro and in transfected cells 
(24, 54). These effects require the binding to the 3' NTR of 



cellular factors such as FIB, the autoantlgen La, or some 
ribosomal proteins (23, 52, 60). 

Conflicting data on whether or not the 3' NTR is essential 
for RNA replication have been published. HCV genomes that 
lack most of this sequence and that terminate with a no* 
moporymcric adenosine or uridine tract have been reported to 
replicate in transfected human hepatoma cells (12, 63). On the 
other hand, results obtained from experimental inoculation of 
rhhnptw* with cloned Infectious HCV genomes carrying 
mutations in the 3' NTR have shown that both the poly(U/UC) 
region and 3'X are essential for tnfectiviiy whereas a mutant 
with a deletion of part of the variable region was still viable (30, 
62). However, because of obvious limitations inherent to this in 
vivo test, no detailed studies of the sequences involved in RNA 
replication have been performed. 

A clarification of these controversies was hindered by the 
lack of an efficient ceil culture system. This limitation has now 
been overcome by the development of the HCV replicon sys- 
tem, which utilizes selectable subgenomic HCV RNAs that are 
composed of the following elements: the HCV 5' NTR includ- 
ing the first 16 codons of the core gene to direct translation of 
a selectable marker (the gene encoding the neomycin phos- 
photransferase), the IRES of the cncepbaJonryc£arditi$ virus 
(EMCV) to direct translation of the HCV NS3 to NS5B 
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codzng region, and the 3' NTR (Fig. 1A) (36). Upon awisfcc- 
uon of human hepatoma cell line Hub-7 and selection with 
Gcnctirin, cell lines that cariy large amounts of seif-icplicatmg 
HCV-RNAs could be established Subsequent studies led lo 
the identification of cell culture-adaptive mutations that en- 
hance RNA replication to a level thai can be monitored in 
transient-replication assays (6, 20. 31). The most efficient ad* 
trplaiion described thus far is achieved with three mutations, 
two in NS3 and one in NS5A. chat increase RNA replication 
synergistically (31). This discovery allowed the development of 
luciferase repiicons in which the gene encoding the selectable 
marker was replaced by a convenient reporter gene (the iudf- 
erase gene from the RrtQy Phatinuspyraiis). Replication of this 
RNA could be monitored in transient-replication assays by 
measuring the activity of Ihe luciferase reporter (31). 

In this study we characterized the sequences in the 3' NTR 
required (or RNA replication. We found that both 3'X and a 
short homouridine tract arc indispensable, whereas a deletion 
of the complete variable region is tolerated but significantly 
reduces replication efficiency. The minimal length and compo- 
sition of the homopotymcric tract required for RNA replica- 
tion were determined, and the effect of mutations at the very 3' 
end of the rcplicon was examined. 

MAIERIALS AND MEITOD8 

Cell crimes. Hub-7 human benatuma cells were grown in Dulbccco's modi- 
fied minim?] essenibl medium (Life Technologies GmbH* Karlsruhe, Germany) 
supplemented with 2 mM t-gluramine, nonessential amino adds, 100 U of 
penia'Uin, HOT |tp vf streptomycin, sod 10% fetal calf scrum (complete DMEM). 

Ptannid constructions and sequence analysis* Unlet* otherwise autcd, stan- 
dard recombinant DNA technutugics were used for an cloning procedures (2). 
the basic rcplicon ccnsmicts pFlM guw neo/NS3*3'/5.U nre-l lw tuc/NS3-37il, 
nnd pncinyha^NSS-S'/GND have been described recently (31). These con- 
struct* carry an engineered rccygoitiou sequence for Seal et the 3' end upstream 
of a Spei lite that was used for cloning procedures tlrwnhrtl below. To facilitate 
nunrpulalimu at Uu! 3' NTfi, construct pBSK8499-9605/SCU*Bani was nods in 
the following way. Two overlapping PCR fragments were generated with primer 
pair S9392Stu and A9508Bam or S»5n»Bam anil Ad605Sca/Spc with pFK- 
lun^ieo/NSSOTS.! as the template (Tabic 1). Fragments were combined by PCR 
using the cuter primer* (S93V2Stu and AV6Q5Sca/Spc) and, after restriction with 
Sail ami Sptl were inserted into pBtuescnpt vector SKI (Stniasenc, La JoUa. 
Calif,) together with a PCR fragment thai was generated with primer* 
SWWXhcVSH and AV3V25Uu and restricted whb Xkol and 5ml To remove the 
flamm restriction site in this construct, a PCR fragment was amplified with 
primers S9392Sru and A9Mc3Sca/Spc by using pFK-lj^nco/NS3-3'/5.1 as the 
template and, after rcsuictloQ with Sful and Spel was inserted into pBSKHAW- 
9605/Sru-Bom, All hmher mutations in thu 3' NTR were introduced into the 
nsuhing plasmld, pBSKB499-96Q5/Snn and SfiU^pel fragment* (nucleotide po- 
sitions f499 m 9AQS ol uur HCV isolate) were transferred mto the parental 
rcplicon con s tr u ct s . Repliant* carrying Domopoiyoicric uridine stretches of 46. 
26» 6, or 1 nuclendde in length were generated by hybrldlzarloo of the appro- 
priate sense primers Used in Table I with A9S15Niici. Incufiatlnn with the 
Klenow fragment of DNA pulymcauc (Rudic Molecular 81ocbemkals)» restrio- 
tton with Snil nnd /VTiet, and insert urn into pBSK^dV9-V605/Stu. Partial deletion 
of the variable region was achieved by generating a PCR fragment with primers 
SHAUZXlio/Sfi and Adcl9375-9401 and insertion of the 0iT* and Sud-rcstrfcied 
fragment into pOSKgdyo-VfiUS/Sui. The complete variable region was removed 
by insertion Into pBSKS499-96057Stu of an 5/H» and MW.irstricutd DNA frag- 
ment generated by PCR with primers S8492XhoVS5 and Adel-var. To delete 
stem-loop 1 in the 3' NIK digonudcoride* ami A-SL1 were hybtidixed. 
incuhatcd with tho Klenow fragment of DNA porymcrase, restricted with $mt 
nod A7icl, and inserted into pBSKWW-V&JS/Stu. Tbc complete deletion of 3'X 
was achieved in the same way with rdqainuefetiUde* SdelX and AdclX (Table \\ 
KcplioQd fnnffnWf lacking Stem-loops 2 and 3 were generated by PCR cartas, 
oligunudcotidc pairs S-SL273 and A-SL2 and 5-SL2/3 and A^IA respectively, 
ami. after restriction with Soil and 5/wI, fragments were inserted into pBSKMvV* 
9fin5/Stu. To uniain cunsirucu carrying 26-oudcotidc homoporymeric cytidme, 
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pianlnc, or adcoosine tracts, ccmptemcntiry ohgonudontidrs Usmd in Table 1 
were hybridixed ami inserted into pBSKB499-9605/5ru ate rtsriictJoti wfth JGml 
and A7i#l. Repiicons cajTving rive additional cyddinc residues at the 3' end of 
BL3 were generated by Irwnrfton ofctnTmlrrnrrttary oiigimuclcotidc* 3'0$bf1-up 
and 3 , C-Sbfl-down (Table 1) into Ihe 5col site ai the 3* end of the HCV 
sequence In this way a unique rfmgnulnn rqurnrr for Sb/I was fused to the 3' 
end of 51 J via tho following sequence: UCAAQIf CCC CCTGCA GQ (cc- 
of ST * and Sbfl axe ursJcitined). During this ctonlng prorcrhirc^ a 
consmid with only three cytlnlnc residues between SL3 and the Sbfl site was 
obtained forttiitousry. Nucleotide senwmtgi nl all eonstructs were verified by 
DNA seouentia analysis as dngvihed recently (35). 

m vitro ttiiscriptwo»electr^^ 
liiiei. TTaae methods have been desoibed in detail clscwfagrB (33), and they were 
nscd with die feflowmg rnnalfimtlofli Plasmid DNA was rearicted withHrel ami 
srmi md used for in vitro Transcription under «tandsrd fnndHinfrt, For Q^e 
repiicons with rhrec or five niMilhww) cytidinc rcsldoes atthc 3' cn4 corggona . 
were restricted with Sbfl and the four unpaired n uci e ni i drt (TQCA) were re- 
moved by aeatrncrrt with DMA polymerase In the presence of high cooecnTra- 
liotq <tT rmetemJdcs. In vitro transcripts were treated with DNnse, ami RNA wis 
^tryrort with phenol* precipitated with elhanoi and dissolved in RNaso-frec 
water. RNA ameenttntiom were rtrrrrnilnnrl by measuring the optical density at 
260 am, and the Integrity of the transcripts was analyzed by denaturing formal- 
debyde agarose gel decmipharcrtL Various amounts of selectable repiicons (03 
id 100 eg) were adjusted with total RNA from naive HmV7 cutis to a total 
amount of IQ sxg and mUcd with 400 pi of a snsprnsion mtorning I0 7 Hob-7 
ccllipcrmlio Cytombi (35) withnui diroetbyi tultokide (DMSO). After elcctro- 
rwniiiop with a Q»a» PuIact system (Bio-Rod) at 960 \& and 27D V, ceUi were 
innrteocttery tramferrod to 6 ml of complete DMEM without DMSO and seeded 
into a 100-mm-diameter aiftore dish. After 24 tu medium was replaced by 
omplete DMEM supplemented with 500 ugof Ocnenctn (Ufo Teihnateglca)/ 
mi Three to 4 weeks brer, cells were futod and stained wim CnrnnBitsifl brflQant 
blue (04 gfliier In 50% mcthanol-10% acetic acid). 

Amfllfli^lrm «f WrVi^lknns from ccO One*, dimiatt. WoA SttQMDCt SfflJ^ 

sis. Total RNA was prepared from cell tines by a single-step isolation method 
(10). About 1 pg of RNA was mbxd with 50 prnol of primer AV6U5Sca/Spc in a 
total volume of 10 uJ and hcalod for 10 min at 6S*C Rcvcisc cranscripTion was 
pcrfurracd whh 200 U of murine IcokemiavhTB reverse transcriptase (Q&co Ufc 
Sciences) in a tnal vnlumc of 20 piasrcoommcndcdbythc moirofacrorer. After 
1 b at 42*C 1 to 5 pJ was wimdrawn and used for PCR with the Eapand 
lang-temphilo fCK system (Roche) in accordance with the buaneUmn uT the 
nmnn to u i e r and primers A96U5to«pc and SVl4a Amplified ftagxncnts were 
purUied by preparative agarose gel electrophoresis and, after dudon* were ru- 
stricted with Stul and Spd and Inserted Into vector pBSK-Sru. Nvcleoride **• 
qurn m wc/tp f rrrr 1 " 1 ^ wMi a Thermo SrrnmmMr fluorcaccncc^labcicd primer 
cydc sequencing kit wttb 7-denza-dGTP (Amcnharo-Pharnada BlosoctX 
Freiburg. Germany) and IRD41-labclcd primers (MWG-Biotecb, Ebersberg, 
Germany) In accordance with the rnsTructions of the manurncuacss. Reactlnrn 
were analyzed oa a Licor DNA seinumoer 4000 (MWO-Blotcch)« 

Dctermiimtioa of RNA balMUfe by Northern bfotttnp Five to 10 ^ uf total 
RNA was denatured by treatment with gryonl and analyzed by dctuuu/iflg 
fibrose gel etectrophoresis and Nurdiero Muttimj as described recently (31). 
PuuMtrand reptkun RNA was detected by hybridization with a labeled 
negative-sense cihoprobe con^lemeTitary to the HCV IRES and oeo. 

Traasloa ivplicnlkai asw> wim tt«ito 
wiU) 3 to 7.3 ug of a aicrfcrate replkrm and used for cloctxupunUua ut dosoriDCd 
above, After addition of 9 ml of complete DMEM. aliquot* of the cell suspension 
were seeded in 3^m-diameter cutnrre dishes and harvested at 4, 24, 4b\ and 
72 h. Prior to harvest, cells were washed three times with phtixidnu^uffcfed 
saline sad tbtat scraped off the plate into 350 pi of ice-cold lysi* boIEsr (1ft 
Trium X-1011. 2S mM grycylglycinc, 15 mM MgSO«, 4 mM BGTA, I mM ifiimV 
tbreitol |DTTJ). A wu-yd aliquot of the ryiate was rnaed wfth 360 pi of assay 
buffer (25 mM glycylgtydtu:, 15 mM 4 mM EOTA. 1 mM DTT, 2 mM 

ATP, 15 mM K^POi, pH7.8) and* after addition of 200 ui of a 200 pM tueifcrin 
stock soltrdoo, was measured in a (ununomclcr (Lumat LB9507; Dcrthold, 
Freiburg, Camany) for 20 s. Values obtained with edit harvested 4 b after 
eiectroporarion were used to normalize Cor tbc transfrcrinn cB ric c cy . 

In vitro mnslAtion and translation stodics with trassfected ceils, lo vitro 
translaUum in rabbit reticulocyte lyaatcs (Promegn, Mannheim, Germany) were 
performed fn rnboura anitaining 8.75 pJ of ryiate, 0 JS ui of RNasin, 025 uj of 
an am in n odd tuii i u TC without rnerrthnune, I J pJ of w S-pn3tch>labcllAg mh- 
turc, and 1.75 uJ of RNA (corresponding to 05 MC)> and after 1 b at 3(1*0 
nrutcins were analyicd by sodium dodecyi snlmto^s^yacrvtaniide eel electro* 
phcj-csix. Ti* dgtennitw the translailon clhclcncy in ceils. 7J ligoftbe bJdstrontc 
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RNA was used for txansfcctioa of Hub-7 eclb ai deteribeU above. Three boon 
titer, ceil* were lyseU and luaferase activities were mcanircd by wing ite 
duaJ-fuctfcraac reporter assay tyuan (Pruiwga) according to the instructions of 
this rajttu facturcr. 



RESULTS 

The characterization of sequences in the 3' NTR required 
Tor RNA replication was performed with two classes of HCV 
replicons (Fig. 1A): first, rcpiicons carrying the selectable 
marker neo, and second, rcpiicons that allow the expression of 
the firefly lucifcrase reporter gene {be). For selectable repli- 
cons, RNA replication was measured by determining the num- 
ber of Genetirin-resistant colonies obtained after transfection 
of serial dilutions of in vitro transcripts into Hiih-7 cells and 
subsequent selection. Replication efficiency was expressed as 
CFU per microgram of transfected RNA. For tuc replicons, 
transfected cells were harvested at 4, 24, 48, and 72 h and 
lucifcrase activities in cell hysates were measured and normal- 
ized Tot transfection efficiency by using the 4-h value. Since, at 
this time point, lucifcrase activities arc only determined by 
translation of the input RNA and are not influenced by repli- 
cation, they can be used to determine transfection efficiency 
(31). Thus, for a given time point posttransfeclion, replication 
efficiency of the luciferase replicons is expressed as the per* 
centage of reporter activity measured 4 h after transfection. 
The advantage of the selectable replicons was the high sensi- 
tivity and the possibility to select for revemms. In spite of 
some interassay variability, the lucifcrase replicons allowed the 
rapid analysis of a large number of mutants* Moreover, owing 
to the properties of this transient test, measurements of RNA 
replication were not affected by compensatory mutations or 
reversions. 

The variable region m the 3' NTR is not essential for RNA 
replication. To facilitate genetic manipulations of the 3' NTR, 
we first attempted to introduce convenient restriction sites in 
the immediate vicinity of the pory(U/UC) tract Therefore, a 
recognition sequence for the restriction enzyme Stul was en- 
gineered into VSL2 of the variable region by introducing a 
uridine substitution at nucleotide position 9407 and a compen- 
satory mutation at position 9394 in order to avoid a potential 
base pairing that might lead to a stabilization of the upper stem 
(Fig. IB). Downstream of the poly(U/UC) tract we substituted 
adenosine for cytidine at nucleotide position 9513 to generate 
a ItemHl recognition sequence and a compensatory guanos me- 
ro-uridinc transversion to preserve the stem structure. These 
mutations were inserted into parental replicon repS.l in the 
context of both the selectable marker (neo) and the luciferase 
reporter gene. Replicon 5.1 harbors three ceil culture-adaptive 
mutations, which arc located in NS3 (E1202O and T1280I) and 
NS5A (S2197P) and which increase RNA replication synergic 
ticaiiy (31). As shown in Fig. 2A and C, the introduction of the 
Sail site into the variable region affected neither replication in 
the transient-replication assay nor the number of Geneticin- 
resistant colonies. Surprisingly, in spite of preserving the stem 
structure, the mutations introduced into SL1 that were re- 
quired to generate the BamUl recognition sequence abolished 
replication in both assays, indicating that SL1 plays an impor- 
tant role in RNA replication. Thus, all subsequent manipula- 
tions of Lhe 3' NTR were performed with the replicon carrying 



only the Stul site. A naturally occurring recognition sequence 
for Nhel present in SL2 was used for an further dordng step 
(Fig. IB). 

It has recently been shown that a mutant with a deletion of 
the 5'-prcoomal part of the variable region introduced into an 
infectious genome is viable in vivo (62). However, this ap- 
proach did not allow Arm conclusions about the efficiency of 
RNA replication and whether the full complement of the vari- 
able region is dispensable for RNA replication, too. Therefore, 
we generated two different replicons lacking either a part of 
the variable region (nucleotides 937S to 9401) or the complete 
variable region (nucleotides 9375 to 9415) and tested them for 
RNA replication in the transient-replication assay. As shown in 
Fig. 2B, both mutants still replicated in transfected Huh-7 cells 
but at significantly reduced efficiency in comparison to that at 
which the parental replicon replicates. The analogous result 
was found when these mutations were introduced into select- 
able replicons (Fig, 2C). The value of CFU per microgram of 
RNA was reduced about 10-fold for the partial deletion, and 
up to 100-fold for complete deletion, of the variable region. Ir 
should be noted thai, due to technical reasons applicable to the 
latter replicon, the poly(U/UC) tract was replaced by a 52- 
nudcotide homopolymcric uridine sequence. However, as de- 
scribed below, this mutation does not affect RNA replication. 
Id summary, these results suggest chat the variable region in 
the 3' NTR is not essential for but enhances RNA replication. 

Importance of the poly(U/DC) tract for RNA replication. In 
spite of a significant heterogeneity of the length and composi- 
tion of the po!y(U/UC) tract, its strict conservation in all HCV 
genomes indicates that it plays an important role in the vfral 
life cydc in particular for RNA replication. To address this 
assumption experimentally, we analyzed whether the porytXf/ 
UC) tract Is essential and determined the minimal length re- 
quired for efficient RNA replication. Therefore, we con- 
structed a series of replicons in which the sequence between 
VSL2 and SU (nucleotides 9415 to 9507; Fig. IB) was re- 
placed by homopolymcric stretches of 46, 26, 6, or 1 uridine 
residue. As shown in Fig. 3 A and B, within the variations of our 
assays, RNAs with a polyuridinc tract of 46 or 26 residues 
replicated as efficiently as the parental replicon with a poly(U/ 
VQ tract of 83 nucleotides. In contrast, the replicon with a 
hexauridine tract or only one uridine residue did not replicate, 
as determined in the transient-replication assay. However, 
when replication was analyzed in the context of a selectable 
neo replicon, a low number of Gcnctlcin-rcsistant colonies 
were obtained with the replicon carrying the hexauridine se- 
quence (<50 CFU/pg of RNA) whereas no colonies were 
obtained with the Ul replicon. This low efficiency of colony 
formation observed with the U6 replicon suggested that the 
RNAs replicating in these cells corresponded to pscudorcver- 
tants. To confirm this assumption, six independent colonies 
were expanded, replicon RNAs were amplified by reverse tran- 
scription-PCR (RT-PCR) and cloned, and the 3' NTRs of two 
clones from each colony were sequenced. Interestingly, the 
replicons recovered from these colonies all carried a poly(U/ 
UC) tract of 40 or more nucleotides (Fig. 3C). Four clones with 
homo polymeric sequences of between 44 and 52 uridine resi- 
dues instead of the original 6 uridines were recovered, whereas 
an interspersed cytidine residue was found with two other 
dones in the context of homouridine sequences of 52 and 48 
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FIG. 2. The variable region in the 3' NTR enhances RNA replication. (A) Representative result of a cransJem-repiicauon assay with bdferue 
repllcons carrying given engineered restriction sites in the variable region of the 3' NTR. Cells were lysed at 4, 24, 48, and 72 h posttransfection, 
and tociierese activities were measured and corrected for transaction efficiency as determined from the 4-h value (set ai 100%), Bars, menu of 
quadruplicate determinations and error ranges. (B) Transient replication of ludferase replicons lacking part or the complete variable region 
(nvar-9401 and Avar-9415. respectively). Transfectcd cells were analyzed as for panel A (C) Effects of mutations in the variable region of selectable 
replicons on the number of GcncDrin-rcsiscint colonics. Huh-7 celts were transfected with ncu replicons carrying the given mutarjons in the 3' 
NTR, subjected to Geneticin selection, and, after about 3 weeks, fixed and stained. The CFU per microgram of RNA {mean x error ranee) as 
determined by liansfection of serial dilutions of a given En vitro transcript arc given below each culture dish* Representative results obtained alter 
transfecrion of 100 ng of each RNA are shown. Wt, wild-type replicon (repS.l); GND and A5D k inactive replicons with a single amino add 
substitution in motif C of the NS5B RdRp (for ludferase replicons) or a lO-aminc-acid deletion in the same motif (tor neo replicons), respectively. 



nucleotides (clones MP4I and MP2H, respectively). It should 
be noted that, with the exception of a single mutation ai nu- 
cleotide position 9570, the sequences of the variable region 
and of 3'X were fully conserved with all replicons analyzed. 
These data show that the HCV RNAs recovered from cell lines 
after transfection with the U6 replicon all corresponded to 
pseudorevertants. 

Next we wanted to analyze whether homopolyrneric se- 
quences other than uridine could functionally replace the 
poly(U/UC) tract, Ludferase replicons carrying homo polymers 
of 26 gunnosine or adenosine or cytosine residues were con- 
structed and tested in the transient-replication assay. The re- 
sults in Pig. 4A show that only the U26 RNA replicated effi- 
ciently whereas all other RNAs were not amplified Given the 
higher sensitivity achieved by testing mutants with selectable 



RNAs, neo repllcons that carried the various homopolymeric 
sequences in the 3' NTR were generated. However, in several 
independent experiments no colonies were obtained with A26, 
G26> or C26 replicons (data not shown). In tuinmary, these 
results conclusively show that a homopolymeric stretch of at 
least 26 uridine residues is required for HCV RNA replication 
and that other homopolymeric sequences cannot functionally 
replace homouridinc. 

RNA replication requires full-length 3% The most highly 
conserved region In the 3' NTR of HCV b 3X Three stem- 
loop structures (SL1 to -3) were suggested by secondary struc- 
ture prediction, and SL3 was confirmed by structure probing 
(7). To analyze their importance for RNA replication, we first 
constructed a replicon that lacked the complete 3'X region. 
This RNA terminated with a 50-nudeotide homouridinc tract 
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and the sequence AGU, which was added to preserve the 
restriction site for Seal required to generate runoff in vitro 
transcripts. As shown in Fig. 4B, this construct, which was 
designated A3X did not replicate in the transient-replication 
assay, and we were also unable to generate Geneticin-resistant 
colonies after Iranxfection of the corresponding neo replicon 
into Huh-7 cells (not shown). To analyze whether individual 
stem-loops in 3'X are dispensable for replication, three repli- 
ants that lacked cither SLI, SL2, or SL3 were generated. To 
facilitate the cloning procedure, these deletions were intro- 
duced into constructs that carried either a 46- (ASL2 and 
ASL3) or a 50-nucleotide homopolymeric uridine stretch 
(ASL1 and A3'X). Moreover, while ASU and ASL2 corre- 
sponded to exact deletions of the respective stem-loops, ASL3 
terminated with SL2 to which the dinuclcoridc sequence GU 
was added in order to preserve the Seal restriction site. As 
shown in Fig. 48, no replication was found with these three 
deletion mutants when they were tested in the transient-repli- 
cation assay. In agreement with this observation, no Geneticin- 
resistant colonies were obtained when the mutations were in- 
troduced into selectable RNAs (not shown). These data 
demonstrate that a full-length 3'X is essential for efficient 
RNA replication. 

Influence of mutations in the 3' NTR on RNA stability and 
translation. In principle the lack of RNA replication found 
with the mutants described above could also be explained by a 
destabilization of the RNA that was caused by the 3' NTR 



alterations. For instance. Fang and coworkers suggested that, 
at least for some HCV isolates, 3'X increases RNA stability 
(15). Therefore, we measured the half-lives of the neo replicon 
RNAs carrying the various deletions and substitutions in the 3' 
NTR after transfection into Huh-7 ceils. Total RNA was pre- 
pared 2, 4, and 8 h after trarisXeclion, and the amount of 
replicon RNA was quantified by Northern blotting. Values 
were corrected for transfection efficiency as determined from 
the 2-h value and normalized for RNA amounts loaded onto 
the gel by using the bcta-actin signal. As can be seen from the 
representative experiment shown in Fig. 5, within the accuracy 
of this assay none of the mutations introduced into the 3' NTR 
affected RNA stability. In all cases replicon RNA was dearly 
detected at 4 and 8 h posOnuasf cction, with only minor differ- 
ences between the mutants. Although in this experiment the 
amounts of rcplioons ASL1 and ASL3 were lowest at 8 b post- 
transfection, the amount of the replicon lacking 3'X was as 
large as the amount of the one with parental RNA (wild type). 
Moreover, the amounts of wild-type and rcpticatior>defident 
replicon (A5B) RNA were comparable at 8 h post transfection, 
showing that at this lime point RNA replication did not affect 
our measurement. Thus, the inability of the mutants to repli- 
cate was not due to a decrease of RNA stability caused by 
mutations in the 3' NTR. 

Apart from playing a role in RNA stability, the 3' NTR may 
increase RNA translation, although this possibility is discussed 
controversially (24, 42). To examine whether the mutations 
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FIG. 4. (A} Only a nomopolymeric uridine tract in the 3' NTR 
supports RNA replication. Luriferce replioons carrying 26-nuctcotide 
homopolymeric guanosine, adenosine, uridine, or cytidine tracts were 
Iransfected into Huh-7 cells, and RNA replication w&5 dctcrniined 
after 2d, 48, and 72 h. Bars, mean values of quadruplicate determina- 
tions and the error ranges. Values arc normalized for trmv; faction 
efficiency as determined from the lucifcrasc activities measured 4 h 
alter transection (not at 100%). Wt, wild-type rep] icon; QND, repli- 
cation-defective replioon (hat was used as a negative control. (D) Full- 
iength 3'X is required for RNA replication. Uiciferase rcplicons that 
lack SLl, SLZ or SO. or the complete 3'X were transfected in parallel 
with the parental replioon (Wt) or the replication-deficient mutant 
(GND) into Huh-7 cells, and transient replication was determined as 
desc ri bed above 



introduced into the 3' NTR affect RNA translation, wc gen- 
erated a bicistronic construct in which the Renilla lucifcrasc 
reporter gene was fused to the HCV IRES whereas the firefly 
lucif erase gene was translated under the control of the EMCV 
IRES (Fig. 6A). This design corresponded to a bicistronic 
subgenoraic HCV rcpiicon with the exception that the coding 
region for the replicase was replaced by a second reporter, 
which served as an internal control for the quality of the in 
vitro transcript* Moreover, the scries of constructs permitted 
the measurement of HCV JKES-mediuted translation inde- 
pendent from RNA replication. Upon introduction of the var- 
ious mutations described above into the 3' NTR, in vitro tran- 
scripts were analyzed by in vitro translation using rabbit 
reticulocyte rysatcs. Proteins were radiolabeled with [^me- 
thionine-cysteine, separated by sodium dodccyl suifatc-polyac- 
rylamidc gel electrophoresis, and quantified by phospho imag- 
ing. As shown in Fig. 65, comparable amounts of RaiiUa 



ludfcrasc translated from the HCV IRES were found with all 
RNAs irrespective of the parricnlar mutation mlroduccd into 
the 3' NTR. In addition, the analogous result was found when 
the corresponding neo rcpiicon RNAs were analyzed by in 
vitro translation rn the same way and when NS3 was used as an 
internal standard (not shown). To test whether the mutations 
in the 3' NTR also bad no effect on RNA translation m cells, 
the bicistronic reporter constructs were transfected Into Huh-7 
cells and lucif erase activities were measured after 3 h. The 
results in Fig. 6C show that only minor differences in the 
expression of ReniUa lucifcrasc could be observed. In this rep- 
resentative result, the ASL3 rcpiicon was the most efficient, but 
this was not the case in several repetitions (not shown). Finally! 
the analogous result was found when the corresponding tudf- 
erase rcplicons were transfected and expression of both firefly 
lucifcrasc and NS5B was determined (data not shown). In 
summary these data show that the mutations introduced into 
the 3' NTR did not affect translation from the HCV IRES. 

Influence of additional 3'«tenninal nucleotides on RNA rep- 
lication. It has recently been shown that NS5B of HCV can 
initiate RNA synthesis de novo, and this mechanism is thought 
to operate also in vivo (38, 43, 66). The most efficient dc novo 
initiation was found with GTP as the initiating nucleotide and 
templates that cany a 3 '-terminal cytidylait (66)- Do novo 
initiation with a preference for GTP has also been described 
for NS5B of BVDV (26), underlining the close relationship 
between HCV and the pesttvimscs. However, while the 3' end 
of the BVDV genome carries three to five unpaired cytidyiatcs, 
consistent with de novo initiation with GTP, the last base of the 
HCV genome is uracil base paired with a guanine (Fig. 7A). 
Although it has been shown that HCV NS5B can initiate RNA 
synthesis de novo also with ATP, this process is much less 
efficient than initiation with GTP (38). In light of this result 
and because of the higher replication efficiency of BVDV, we 
wanted to know whether the addition of a few cytidines to the 
3' end of the HCV genome would increase RNA replication. 
Therefore, we generated neo and luc replicons that carried 
three or five cytidines fused to the terminal uridine of SL3 and 
tested them for replication competence in Huh-7 cells. How- 
ever, as shown in Fig. 7, both RNAs rcplicaicd with a much 
lower efficiency than the parental rcpiicon In the transient- 
replication assay and they reduced the efficiency of colony 
formation by about 1 order of magnitude. This result shows 
that a 3 '-terminal uridine is important for efficient RNA rep- 
lication, and it highlights the fact that HCV and BVDV have 
different requirements for initiation of minus-strand RNA syn- 
thesis. 

DISCUSSION 

The study described here provides a detailed map of the 
sequences in the 3' NTR crucial tor RNA replication and 
corroborates and extends the results obtained in two different 
in vivo studies. In the first one, Yanagi and coworkers (62) 
tested several deletion mutants sequentially far infectiviry in 
chimpanzees. Hicy found that a deletion of 3'X or the poIy(U/ 
UC) tract rendered the genome nonviable whereas a partial 
deletion of the variable region was tolerated. Similar finding 
were made by Kolyknalov and coworkers (30) by showing that 
HCV genomes lacking 3'X or carrying a deletion of SU and 
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of in vitro transcripts to which total RNA from naive Huh-7 cells was added as the carrier served as size markers (lanes 1 to 3 and 23 10 24). The 
positions of the replicon, beta-actfn fp-aa), and 28S rRNA are indicated at the left. (B) The amounts of replicon RNA were quantified by phaspho 
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controls. Note that even 8 h after transaction, the amounts of these replicons are comparable, showing that up to this time point the measurement 
was not influenced by RNA replication. 



SL2 are not infectious. Our studies described here are com- 
pletely in line with these observations, but they disagree with 
two earticT reports suggesting that HCV genomes lacking 3'X 
and roost of the poly(U/UC) region replicate in the human 
hepatoma cell lines HepG2 and Huh-7. While the reasons for 
this discrepancy are not dear, we note that even with selectable 
replicons lacking 3'X or the poiy(U/UC) tract no colonics were 
obtained Since this approach is highly sensitive and also allows 
the detection of pseudorevettants, our data provide strong 
evidence that both 3'X and a homouridtne sequence are indis- 
pensable for HCV RNA replication. Moreover, for several 



other plus-strand RNA viruses, sequences at the 3' end of the 
genome were shown to play crucial roles in RNA replication. 
For instance the 3' NTR of GB virus B, a virus that is very 
closely relaied to HCV, also has a tripartite structure com- 
posed of a variable region, a poly(U) tract of 9 to 30 nucleo- 
tides, and a conserved downstream sequence that can form a 
very stable 3'-terminal stem-loop involving the last 47 nucleo- 
tides (b\ SO). Upon intrahepatic inoculation of tamarins (Sagui- 
nuispp.), only genomes with the complete 3' NTR were viable, 
showing that this region is essential for infectivity (8, 51). For 
pestivirus BVDV, it was shown that mutations within the 3'- 
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terminal stem-loop lead to the partial or complete inhibition of 
RNA replication of a subgenomic replicon (64). Finally, very 
similar findings were made for flavivinises such as dengue virus 
(41) and tick-borne encephalitis virus (39). In summary, these 
data provide conclusive evidence that sequences in the 3' ter- 
mini of flavtvirus genomes are absolutely essential for RNA 
replication in cell culture and in vivo. 

In spite of a significant heterogeneity of the poly(U/UC) 
tract length, all HCV isolates studied thus far carry this se- 
quence element in the 3' NTR. Its conservation and the fact 
that a deletion of the poly(U/UC) trad completely blocked 
replication dearly demonstrate its importance for RNA repli- 
cation. Interestingly, replicon RNAs carrying a hexauiidine 
sequence replicated very incffidenlly and only pseudorevcr- 
lants with about 40-nudeotide uridine stretches could be re- 
covered. This result appears to contradict the observation that 
a replicon with a homopolymeric uridine tract of 26 nucleo- 
tides replicated as efficiently as the wild type However, the 
actual lengths of the pory(U) sequences of the pseudorevcr- 
tants replicating in cells arc difficult to determine due to errors 
that may be introduced during RT-PCR amplification and the 
cycle sequencing reaction. In contrast, the replicon with a 26- 
nucleotide horaouridinc tract was generated by using an oligo- 
nucleotide with a defined length (59402$tuI-30U-Nhcl; Table 
1). Thus, our data show that a homouridine sequence of 26 
residues can functionally replace the poly(U/UC) tract. 



Currently, wc can only speculate about the contribution of 
this polypyrimidinc sequence for RNA replication* but it Is 
interesting thar both the NS5B RdRp and the NS3 helicase 
preferentially bind to uridine bomopolymcrs (21, 25, 34). 
Therefore, this structurally flexible region may capture and 
position the replicase enzymes in dose proximity of the site 
where minus-strand RNA synthesis is initiated. Moreover, ef- 
ficient binding of N53 and activation of the NTPasc require 
homopolyuridine of at least 12 to 15 nucleotides (45), consis- 
tent with our results showing that a uridine homoporymcT with 
a length between 6 and 26 nucleotides is required for RNA 
replication. Finally, cellular proteins, such as FTB, that bind to 
the poly(U/UQ tract most likely partidpatc in the formation 
of a functional nbonudeoprotein complex, required for syn- 
thesis of minus-Strand RNA (11, 18). 

The observation that rcplicons lacking pan or all or the 
variable region are replication competent, albeit with a low 
effidency, fits well with the observations made with similar 
HCV mutants in vivo (62). In this respect it is interesting that 
variable sequences located in the 3' NTR und upstream of a 
conserved region are also found in the genomes of pesti- and 
flavivinises. Interestingly, comparable to what wc describe here 
for HCV, for some flavivinises such as Kunjin and tick-borne 
encephalitis viruses it was shown that deletions within these 
variable regions do not affect, or only moderately affect, RNA 
replication in cell culture and in vivo (27, 39, 41). Thus, the 
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FIG. 7. Importance of the correct sequence at the very 3' end of the HCV replicon Cor RNA replication. (A) Secondary unicturef of the 
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the 3' end of the HCV 3' NTR. (C) Colony formation of (electable replicons that cany 3'-termInal extensions. For further details. Including the 
definitions of Wt and GND, iee the legend to Fig. 2. 



presence of a variable region in the 3 r NTR thai is nonessential 
for RNA replication is a feature conserved at least among 
some members of the Flaviviridae family. The reduction of 
replication observed with HCV replioons suggests thai the 
variable region plays some other, perhaps regulatory, role, but 
its precise function remains to be determined 

Essential stem-loop structures at the termini of many plus- 
strand RNA viral genomes represent binding sites for viral and 
cellular factors. These proteins are involved in several distinct 
steps of the viral life cycle, such as RNA replication (65) and 
genome packaging (48), or they facilitate interactions between 
sequences in the 5' and 3' termini of the viral genome (22). For 
HCV, several reports have demonstrated the binding of FTB 
to sequences in the 3' NTR (11, 18, 23, 37, 57), but the im- 
portance of this interaction for RNA replication, if any, is not 
known. Out observation that the mutations introduced into 
SL1 that were required to create the BamM recognition se- 
quence completely blocked RNA replication suggests that PTB 
plays an important role. Interestingly, PTB can also bind to the 
5' NTR of HCV (1), and, based on the ability of this protein to 
dimcrizc, it may mediate a cross talk between the termini of 
the viral genome. Apart from PTB and other cellular factors 
(18, 37, S3), the binding of viral proteins NS3 and NS5B to 
sequences in the 3' terminal region of the genome has been 
observed, but the functional relevance of these interactions is 
not known (3, 9, 43). 

Several conflicting reports as to the role of the 3' NTR in 
RNA stability and translation from the HCV IRES have been 
published. For instance, Murakami and coworkers (42) found 
that sequences in the 3' NTR downregulate translation from 
the HCV IRES when tested in rabbh reticulocyte lysates. How- 
ever, in the studty by Ito ct ai. (24) it was suggested that RNAs 
carrying 3'X are translated three- to fivefold more efficiently in 



rabbit reticulocyte lysates and two- to threefold more effi- 
ciently in transfected Huh»7 cells. In the latter report mono- 
dstronic RNAs, in which a reporter gene was damped between 
the HCV or the EMCV IRES and 3% were used. Since 
mutations affecting the PTB binding site m 3'X reduced the 
translation-enhancing effect, it was suggested that PTB is re- 
quired for this effect, bnt it has not been shown whether the 
same is true in the context of the complete 3' NTR. As shown 
in the present study, deletions and substitutions Introduced 
into the 3' NTR of either the replicon or a bicistronic reporter 
construct did not aflect significantly the efficiency of translation 
from the HCV IRES. Ito et al. suggested that the 3' NTR also 
enhances RNA translation from the EMCV IRES (24). Since 
we normalized our translation efficiencies by using firefly u> 
clfcrasc translated from the EMCV IRES (Fig. 6), one might 
argue that our approach would not reveal a difference in HCV 
IRES activity. However, even when the values obtained with 
the Radlla ludferase that was translated from the HCV IRES 
were not normalized, we observed at most a twofold difference 
among the various 3' NTR mutants. For instance, in some 
experiments some of the mutants in which a single stenvloop in 
3'X was deleted displayed a 1.5- to 2«foid-rcduccd translation 
emciency of the HCV IRES, but this was not the case when 
3'X was removed completely (data not shown). These results 
suggest rhar some minor experimental variations rather than 
the loss of PTB binding to 3'X were responsible for this effect. 
In summary, our data clearly show that the mutations intro- 
duced into the 3' NTR primarily affected RNA replication. 

As shown in this study, the HCV replicon system is a pow- 
erful tool that permits detailed studies of RNA replication in 
cell culture. In our opinion, the combination of transieni-rep- 
lication assays that arc based on reporter-gene constructs with 
analyses of selectable RNAs are best suited. On one hand 
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transient-replication assays allow a rapid test of a large number 
of mutants, which Is important when using reverse genetics; on 
the other band work with selectable replicons permits the 
Isolation of pseudorevenants that can be even more informa- 
tive than the mutant ixseil By using these two approaches we 
established the first detailed map of sequences in the 3' NTR 
required for RNA replication. It is obvious that the identifica- 
tion of cellular and viral proteins binding to these sequences 
and the definition of their roles in individual steps of RNA 
translation and replication will be the next important tasks. 
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